This paper presents a methodology for the analysis of reinforced concrete rigid block foundations subjected to the vibrations due to the operation of machines. This analysis is important in the design of great industrial plants, where equipment of great size and high cost is present, and in which an adequate structural behavior is essential for the plant operation. The analysis methodology is initially presented, based on two computer programs, BLOCKSOLVER and PILAY. This methodology is applied in a comparative analysis of solutions in shallow foundations and in pile foundations for a Flue Gas Blower, equipment present in a petrochemical plant. The dynamic analysis is done for the two types of foundation, and also for a parametric variation in the shear modulus of the soil (G). The design of the foundation is done considering the geometrical limitations for the location of the equipment, consequent of the plant layout. The most important results are the maximum displacements, checked against the stringent limitations imposed by the design standards.
introduction
The knowledge of the effects of the dynamics loads in structures is nowadays even more necessary, due to the crescent investments and the construction of new refineries with the purpose of aggregating crescent value to the production of Brazilian oil and gas, leading to the development of new technologies is several areas of technological knowledge. The study of the effects of these loads supposes the specific knowledge of concepts of Dynamics Analysis, to be found in classical books, such as the ones from CLOUGH and PENZIEN [1] , as well as in books recently published in Brazil, such as the ones authored by SOUZA LIMA and SANTOS [2] and BRASIL and SILVA [3], these two last ones specifically dedicated to the Civil Engineering. In the last one, valuable specific information for the design of Machine Foundations can be found, theme in which the technical bibliography is scarce, even in an international level. Objecting to complete this summary frame of references in this area, the already classical book from ARYA et al. [4] and the more recent one, from BHATIA [5], can be cited. As examples of relevant normative recommendations, frequently followed in the design of machine foundations in Brazil, the German standards DIN 4024-1[6] e DIN 4024-2 [7] and the specifications from PETROBRAS N-1848 [8] and from the American Concrete Institute ACI 351.3R-04 [9] can also be cited. This paper intends to present a comparative analysis of solutions in shallow and deep foundations for a gas blower, equipment present in the layouts of petrochemical refineries. The study of the foundations behavior will be done varying some of the parameters for the analyses, such as the type of foundation (shallow or deep) and the soil shear moduli (G). The foundation models are analyzed using a specific computer program for the dynamic analysis of machine foundations, the BLOCKSOLVER (COUTINHO and MENDES [10] ). This program determines the maximum displacements in the frequency of operation, allowing for the calculation of the maximum vibration velocity of the foundation. For the analysis of the pile foundations, the program PILAY (NOVAK and ABOUL-ELLA [11] ) will be also used. This program determines the stiffness coefficients (K x , K y e K z ), as well as the damping coefficients (C x , C y e C z ) of the piles, according to the characteristics of these piles and of the soil. These coefficients are used as input data for characterize the foundation in the BLOCKSOLVER program. The check of maximum allowed velocities is done following the criteria of Standard ISO 2372 [12] . The main conceptual objective in this machine foundation design is to find out a solution in which the operational frequencies are far enough from the frequencies of the foundation, in order to minimize the displacements caused by the application of the dynamic loads. The foundation design is done considering the limited available space for the location of the equipment, determined by the stringent plant layout. This design will consist in the definition of the geometric dimensions of the foundation block and in the selection of the best solution in the dynamic point of view, in shallow or deep foundations. This paper summarizes the Graduation Project (MACABÚ [13] ) presented by the first author, under the orientation of the two other authors.
Method of analysis
The methodology of analysis in based on the programs BLOCK-SOLVER, for the dynamic analyses of the shallow and deep foundations for the equipment and PILAY, for the evaluation of the stiffness and damping coefficients of the piles in the vertical and horizontal directions. These programs are described in the following.
The program BLOCKSOLVER
In the specific case of rectangular shallow foundations over homogeneous soil, the BLOCKSOLVER (COUTINHO and MENDES [10] ) performs the whole analysis in a totally automatized way. In this case, the formulation of Wolf and Gazetas, found in WOLF [14] , is applied. In more general cases, impedance coefficients (springs and dampers), concentrated in the geometric center of the inferior face of the foundation block, shall be furnished to the program, as input data. In the specific case of pile foundations, these impedance coefficients shall be initially determined for isolated piles, by the PILAY program. The dynamic analysis of rigid blocs, under harmonic loads, can be represented by a system of six differential equations of movement. This equations system can be written in the complex form, allowing for its solution in a matrix form, see CLOUGH and PENZIEN [1]:
(1)
The system machine-foundation presents the matrices M, C and K, of mass, damping and stiffness, respectively. The vector F corresponds to the amplitudes of applied forces and moments. The vector u(t) collects the variations in time of displacements and rotations in the six degrees of freedom; i is the imaginary unity and ω is the excitation circular frequency. As the problem is harmonic, u(t) can be written as a function of U, that corresponds to the unknown amplitudes of displacements and rotations, in the form:
The problem is solved using the complex matrix algebra:
The mass matrix M is assembled from the geometric characteristics of the block and from the equipment masses. The damping and stiffness matrices C e K of the system are assembled from the elastic soil properties and from the type of foundation. Further details on the consideration of soil-structure interaction effects can be found in the original Graduation Project (MACABÚ [13] ).
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The program PILAY
The program PILAY (NOVAK and ABOUL-ELLA [11] ) evaluates the stiffness and damping coefficients for an isolated pile. From these coefficients, the stiffness and damping coefficients for the whole foundation are determined, considering the total number and position of the piles (considering the group effect). These coefficients are input data for the analysis of the deep foundation in the BLOCKSOLVER program.
The PILAY was developed from the Nowak's approach, considering that the soil layers are elastic and continuous, that the pile is circular and with solid transversal section, the pile material is linear elastic and the pile is perfectly linked to the soil, do not occurring separation between piles and soil.
For the calculation of the stiffness and damping coefficients, it is necessary to define the velocity of the shear waves corresponding to each soil layer. Characteristics of the pile and soil are also input parameters, such as: specific weight, Poisson coefficient, length, radius, transversal area and moment of inertia of the piles, Young modulus of the piles material, as well as thickness of the soil layers. 
analyzed foundation
A comparative analysis between the two foundation solutions is presented, for an equipment mounted on a rigid reinforced concrete block, one on shallow foundation and the other one on deep foundation composed by eight concrete piles (with diameter Φ=25 cm).
A parametric variation for the soil shear moduli was considered. The two solutions are analyzed for the same loads, being the block on piles bigger in plant that the block in shallow foundation. This increase in dimensions was necessary in order to accomplish with the limitations in displacements, as explained in the sequel.
Characteristics of the equipment -Gas blower
The geometric dimensions of the equipment are shown in transversal and longitudinal sections in Figures 1 and 2 , respectively. The loads and their respective application points are defined by the equipment supplier. In Table 1 the static loads applied in equipment areas I, II, III e IV and dynamic loads applied in areas I e II are defined in Table 2 , and shown in Figure 3 . The analyses were done for two different values of frequencies: in the blower frequency (19.75 Hz) and in the motor frequency (60 Hz).
The results corresponding to these two frequencies were further combined following the criteria defined by ISO 2372 [12] , applying the square root of the sum of the squares of the effective velocities obtained in the two frequencies.
Characteristics of the concrete block
The concrete block was designed following the recommendations of PETROBRAS document N-1848 [8]. The block centroid and the gravity center of the assemblage machine-block shall be in the same vertical line, being allowed a maximum eccentricity of 5% with relation to the corresponding dimension, according to these recommendations. The block height was determined in order to be at least 1/5 of the smaller block dimension in plan, nor smaller than 1/10 of the block bigger plan dimension. The block is in reinforced concrete, with f ck = 30 MPa. The block dimensions were determined in order to be adequate to the equipment geometry, and are shown in Figure 4 and Table 3 . Adopting for the pile foundation the same block dimensions considered for the shallow foundation, obtained displacement amplitudes became inadmissible. It was necessary to increase the dimensions of this pile foundation, in order to have more mass, reducing in this way the displacements to admissible values.
Characteristics of the soil
The soil, under the action of the forces produced by the operation of the equipment, presents a very small level of deformations, in the order of some micra (µm). This corresponds to a very small level of strains, allowing to the consideration of the soil behavior as linear and elastic. The several regions of the soil were considered as homogeneous. The several considered soil parameters are defined as follows.
Shear modulus (G), Poisson coefficient (ν) e specific mass (ρ)
The soil shear modulus was empirically defined, due to the lack of specific tests for its determination. This parameter was evaluated as a function of the number of blows in the Standard Penetration Test (SPT), according to OHSAKI and IWASAKI [15] :
The number of blows in the SPT varies with the soil depth. These values were defined from the test report more representative for the analyzed foundation. Due to the imprecision of the adopted empirical formula and also due to the process of uniformization of the soil properties, a parametric variation of 50% of increase/decrease in the value of G was considered.
The G values used in the three soil conditions are presented in Tables 4 and 5 . The value of n = 0.35 was adopted for the Poisson coefficient. The eventual variation in the numerical value of this parameter has an influence in the results much smaller than the variation in the values of G. For the specific mass the value of ρ = 1.8 t/m³ is considered.
Consideration on the phreatic water level
The presence of high phreatic water lever leads to an amplification on the vibrations, propagating them to long distances, and also can lead to the compactation in saturated sand layers. In this way, in order to make possible a solution in shallow foundation, it is recommended that the distance between the bottom of the block and the water level shall be at least three times the smaller horizontal dimension of the block, as shown in Figure 5 .
Results of the analyses
Shallow foundation
The maximum foundation displacements in the directions X, Y and Z for each excitation frequency and according to each value of the soil shear modulus are presented in Table 6 . The maximum velocities can be evaluated from the values of the displacements obtained by the program, using the following formula (CLOUGH and PENZIEN [1]): 
+ =
In this way, the effective velocity is obtained by the combination of the velocities for the frequencies of 19.75 Hz e 60 Hz, as presented in Table 7 . According to ISO 2372 [12] , the analyzed equipment can be classified as a Heavy Machine (Class III). Velocities up to 1.8 mm/s are classified in the optimal range, between 1.8 and 4.5 mm/s are in the acceptable range, between 4.5 a 11.2 mm/s in are the tolerable range and the velocities superior to 11,2 mm/s are non-tolerable. The maximum obtained velocity was 2.91 mm/s, occurring in the This velocity is then in the acceptable range. Therefore, according to the criteria established in ISO 2372 [12] , and also considering that the eigenfrequency of the foundation is far from the exciting frequency, as shown in Figure 6 (obtained with the program BLOCKSOLVER), the proposed solution is acceptable.
In the other hand, considering the most representative SPT report, it can be seen that the water lever is in a distance closer than three times the smaller dimension of the block, it can be concluded that a solution in piles shall be also analyzed.
Pile foundation
For the three considered conditions of soil stiffness (Models 1, 2 and 3) the values of the stiffness and damping coefficients obtained by the program PILAY, as well as condensed coefficients in the center of the block, are presented in Tables 8, 9 and 10 for each one of the frequencies of operation. In this evaluation, considering the distance between piles, the group effect was disregarded. The displacements of the foundation in directions X, Y and Z for each frequency of excitation and according to each value of soil shear modulus are presented in Table 11 . The effective velocities, resulting from the combination of the velocities for the different frequencies, are presented in Table 12 . The maximum found effective velocity was 4.20 mm/s, occurring in the vertical direction (Z) for the bigger value of the shear modulus (G), and is in the acceptable classification range. In this case, the eigenfrequency is still far from the frequency of excitation, as shown in Figure 7 .
As for the pile foundation there are not restrictions regarding the water level, this solution becomes more adequate relatively to the shallow foundation.
Conclusions
In this paper, the procedure followed for making possible the foundation for a typical equipment with dynamic loads in an industrial plant is presented. For this, a comparative analysis was done between solutions in shallow and pile foundations. Through the use of the programs PILAY and BLOCKSOLVER it was possible to evaluate the foundation displacements caused by the dy- Comparative analysis of solutions in shallow foundations or in pile foundations for an industrial machine namic loads. In this way, the foundation displacements can be well controlled and limited. From the obtained values of displacements, the corresponding effective velocities were determined. Considering that the analyzed equipment presents two frequencies of excitation, the effective velocities were determined through the combination of results. In the analysis of the shallow foundation, the maximum obtained velocity was 2.91 mm/s, occurring in the horizontal direction (Y). In the analysis of the pile foundation, the maximum obtained velocity was 4.20 mm/s, occurring in the vertical direction (Z). Although the velocity in the pile foundation is 40% bigger than the one in the shallow foundation, both are in the acceptable range, according to the criteria established by ISO 2372 [12] .
Analyzing the reports of the more representative SPT test, it can be observed that the water level is a distance closer than three times the smaller block dimension. Therefore, the pile foundation is considered as the best solution. In order to obtain satisfactory results for the solution in piles, it was necessary to increase the foundation mass, increasing the horizontal block dimensions, in order to reduce displacements and separate the eigenfrequencies from the frequency of operation. The difficulty for this increase of the mass was the restriction imposed by the adjacent foundations, in order to avoid interferences with them. 
